The purpose of the present study was to compare outcomes of complications, length of stay (LOS), actual cost, and mortality between nonrobotic and robotic-assisted cardiac surgical procedures.
Methods

Data Source
Discharge data from January 1, 2008, to December 31, 2011, were obtained from the Nationwide Inpatient Sample (NIS) via the Healthcare Cost and Utilization Project (HCUP) of the Agency for Healthcare Research and Quality. The NIS consists of a 20% stratified sampling of US community hospital discharges and is the largest source of hospital discharge information in the United States. It compiles various demographics, including admission and discharge data, hospital data, total charges, actual cost, and other characteristics of discharges (http://www .hcup-us.ahrq.gov/nisoverview.jsp).
The present study used weighted HCUP data to provide approximate total national statistics. Weighted data also help assure that national estimates of hospitalizations and hospitalization rates are comparable across years despite the varying number of states participating in each year of the HCUP. In addition, using the HCUP-NIS Cost-to-Charge Ratio Files, charges were able to be converted to cost. Charges are the amount that each hospital bills for services, whereas cost is the amount that the services actually cost to provide (http://www.hcup-us.ahrq .gov/db/state/costtocharge.jsp#overview). Using "cost-tocharge ratios allows the translation of total charges into actual costs using a validated conversion factor that provides an estimate of all-payer inpatient costs. Wide variation in hospital prices between different regions makes cost-to-charge adjustments in reported hospital costs necessary." 12(p2320) To this end, actual costs are reported in this article. We completed a data use agreement with HCUP-NIS, and the study was considered exempt by WellSpan Health's Institutional Review Board.
Study Variables
All study variables were initially defined and coded by the NIS. Weighted HCUP-NIS data were from January Propensity score matching was used to compare each robotic-assisted case with 2 nonrobotic cases (ie, a 1:2 ratio to help control for variances resulting from size differences between the 2 groups) on 14 characteristics (age, sex, race, payer, elective vs nonelective surgery, Charlson Comorbidity Index score, hospital bed size, location, region and teaching status, annual income, and the 3 operation subtypes). The matching variables for propensity matching were chosen based on the significant differences between nonrobotic and robotic-assisted surgery (discussed in the Results section). Outcome variables were median LOS, actual cost, and mortality. Complication variables were aggregated into "complication yes or no" 16 (yes indicating having 1 or more of any of the complications) and total number of complications (sum of all the complications per patient). Nonparametric analyses were conducted because most outcome variables were not normally distributed; therefore, median complications, LOS, and in-hospital cost were reported. All variables used in the present study, including complications and mortality, are associated with the index admission.
Statistical Analysis
Exploratory analyses were conducted using descriptive statistics (frequencies) and χ 2 or Fisher exact tests to explore associations between robotic-assisted or nonrobotic surgery and patients' characteristics. Comparative analysis of outcomes used nonparametric statistics such as Kruskal-Wallis and MannWhitney tests to explore differences between roboticassisted surgery and outcomes. Two multiple regressions were performed to predict cost and mortality using type of surgery (nonrobotic or roboticassisted), sex (male or female), age (<18, 18-69, 70-79, and ≥80 years), race (white or nonwhite), payer (Medicare, Medicaid, private, or other), elective or nonelective surgery, Charlson Comorbidity Index score, hospital size (small, medium, or large), hospital location (urban or rural), hospital region (Northeast, Midwest, South, or West), teaching status of hospital (teaching or nonteaching), and operation type (valve or septa, vessel, other) as our predictors. P ≤ .05 was considered statistically significant; all P values were reported as 2-sided. Because the NIS is a 20% stratified sampling, all analyses were weighted
Results
Exploratory analysis found a total of 1 374 653 cardiac cases comprising 1 369 454 (99.6%) nonrobotic and 5199 (0.4%) ro- Table 2 summarizes patient demographics, comorbidities, and hospital characteristics after propensity score matching, showing that there are no significant differences between characteristics of patients undergoing nonrobotic and robotic-assisted surgery, which reduces confounders that could influence outcomes. After propensity matching, there were 10 331 (66.5%) nonrobotic cases and 5199 (33.5%) roboticassisted cases. Overall, cardiac operations included 1630 (10.5%) involving the valves or septa, 6616 (42.6%) involving the vessels, and 7284 (46.9%) other heart and pericardium procedures.
Comparative univariate analysis revealed that roboticassisted surgery, compared with nonrobotic surgery, had higher cost ($39 030 vs $36 340; P < .001), but lower LOS (5 vs 6 days; P < .001) and mortality (1.0% vs 1.9%; P < .001). For those who had 1 or more complication, robotic-assisted surgery had fewer complications (1414/5199 [27.2%]) compared with nonrobotic surgery (3129/10331 [30.3%]; P < .001) ( Table 3 ). This outcome was seen regardless of the operation type.
Subset analysis indicated that robotic-assisted aortic valve, mitral valve, and cardiac vessel surgery was more costly than nonrobotic surgery, but had lower mortality and LOS than nonrobotic surgery for all surgery types ( Table 4) . Roboticassisted elective and nonelective surgery cost more than their nonrobotic counterparts (elective, $38 513 vs $34 602, P < .001; nonelective, $42 353 vs $41 185, P = .002).
Multiple regression used to assess the association between several independent variables to predict cost (eTable in the Supplement) found that having nonrobotic surgery decreased the cost by $1531. Regardless of the type of surgery, nonelective surgery added $8397. This analysis takes into account the interaction of covariates and their combined effect on cost.
Multiple regression for mortality indicated that roboticassisted surgery and elective surgery were not predictors of mortality (robotic-assisted surgery, odds ratio, 0.627; elective surgery, odds ratio, 0.580). Predictors of higher risk of mortality were rural location of hospital, age 80 years or older, Charlson Comorbidity Index score of 4 or more, hospital located in the Midwest, and teaching hospital ( Table 5) .
Discussion
It is well understood that advancement of technology drives the growth of cost in health care. It is often argued that patients and physicians adopt new modalities of treatment before their weaknesses or advantages are clear. DaVinci systems purchased outside the United States had doubled in that period. Debate exists as to whether use of this technology is cost effective. Our study indicates a similar finding: during a 4-year study, robotic-assisted cardiac surgery increased 600%, from 0.06% to 0.4% for all cardiac operations. Our study has shown significantly lower mortality on propensity matching in patients undergoing robotic-assisted surgical procedures. This outcome has been seen previously in benign gynecologic and urologic procedures. The lower mortality was seen in all 3 different types of cardiac operations. Our finding for mortality in the group undergoing roboticassisted mitral valve surgery (1.2%) was similar to findings by Seco et al, 17 with mortality ranging from 0% to 3.0%. Our study attributed the lower mortality to improved visualization by the surgeon with the robotic-assisted technology.
The lower mortality seen with robotic-assisted surgery in the study by Seco et al 17 could be because it was more of an elective process, as also seen in our study. This scenario permits surgeons to be more careful in selecting their population to undergo robotic-assisted surgical procedures and allows patients' comorbidities to be managed by their primary care physician prior to surgery compared with open operations performed in an emergency or urgent setting. Although robotic-assisted surgery has become popular, the major controversy remains its cost. The controversy regarding the cost of robotic-assisted surgery is its high fixed cost of $1 million to $2.5 million (US $) per unit, the caseload of 150 to 250 procedures needed for surgeons to become versed in the use of the robot and the complications during this period, 18 the fixed usage life of 10 procedures per robotic instrument, and the use of single-use consumables; in addition, the increased operating room time also robs the system of overall efficiency. 10 Using multiple regression, the present study found that nonrobotic surgery decreased the cost by $1531, which is similar to results of prior studies that had cited the high fixed cost of robotic-assisted surgery. However, the higher cost of roboticassisted surgery may be offset by the decrease in complications and LOS with overall improved efficiency.
Our study has shown that robotic-assisted surgery has lower overall complications and LOS. This advantage could lower overall cost, as seen in our multivariable analysis. Similarly, Jonsdottir et al 19 have shown that minimally invasive operations, including robotic-assisted procedures, resulted in a significant decrease in complications without an increase in total mean cost. In urologic surgery, it was shown that costs with minimally invasive surgery, including robotic-assisted, can decrease with nephrectomy as efficiency increases, including shorter operating room times and LOS. 20 This outcome was also seen in our study: LOS was significantly lower in patients undergoing robotic-assisted surgery (5 days) compared with those undergoing nonrobotic surgery (6 days).
The technological advances associated with roboticassisted surgery, however, have increased patient quality of life, lowered pain scores, and in some cases, have decreased surgical complications. 8, 21 The cost of hospital stay, most notably time spent in the intensive care unit, is therefore also decreased secondary to shorter LOS. This, however, is a limitation in our study since our administrative database is unable to assess the shorter LOS in the intensive care unit. Our study was also unable to assess the effects on cost of improved patient comfort from robotic-assisted surgery. One study performed at the University of Maryland showed that high-risk patients have the highest benefit with roboticassisted cardiac valve operations, with longer graft patency and improved quality of life that may contribute to decreasing its cost. 22 Therefore, several studies in the literature affirm that use of robotic-assisted surgery offset the high initial cost. There are some limitations to our study. For instance, the surgeons' fellowship training and number of procedures performed in training are unknown. However, the study showing the effect of hospital and surgeon volume was criticized for its methods and the quality of statistical analysis. 23 In addition, our study is a retrospective observational study and carries potential selection biases associated with this type of study. It also lacks 30-day follow-up data. It does not address longterm outcomes, and longitudinal analysis in the form of randomized clinical trials is needed to determine favorable inhospital outcomes for robotic-assisted cardiac surgery. Our database is primarily an administrative data set and relies mostly on nonclinical personnel to code patients, health care professionals, and procedural factors using ICD-9-CM classification. This setting may lead to coding errors, but propensity matching minimizes the effect of such errors and is helpful for controlling data. However, it does not control for surgeon bias, and we do not have long-term data, or prehospital data. 24 Furthermore, when comparing ICD-9-CM codes between the adult cardiac surgery databases of the Society of Cardiothoracic Surgeons of Great Britain and Ireland and the Society of Thoracic Surgeons, Mack et al 25 and Hickey et al 26 were able to demonstrate that the latter offers more comprehensive accurate data on key cardiovascular and surgical variables such as technique, knowledge of anatomy, intraoperative complications, and operative times, which demonstrates a gap in data collection. Despite propensity matching in 14 characteristics, our data were limited by not including New York Heart Association class, ejection fraction, and renal dysfunction, as well as other comorbidities for reasons mentioned above. The lack of information as well as other relevant risk factors introduces an important systematic confounding variable that cannot be controlled for in this analysis. However, while retrospective data have limitations, this study is a good way to look at safety before performing a prospective study and does not require a multi-institutional design.
Conclusions
Robotic-assisted surgery appears to have reduced mortality and complications, 27 helping to offset upfront costs. Results of this study suggest that robotic-assisted surgery may be as safe as nonrobotic surgery and offer the surgeon an additional technique for performing cardiac surgery. Further studies need to be performed to show long-term benefits, including quality of life and pain scores. For 30-day follow-up, further research may also consider the use of the Society of Thoracic Surgeons database.
